The mechanism of copper (Cu) transport into the brain is unclear. This study evaluated the main species and route of Cu transport into the brain using in situ brain perfusion technique, and assessed the levels of mRNA encoding Cu transporters using real time RT-PCR. Free Cuceruloplasmin uptake, respectively. The unidirectional transport rate constants (K in ) for Cu in the CP and brain capillaries of the blood-brain barrier (BBB) were 1034 and 319 μl/s/g, respectively, while K in in CSF and capillary-depleted parenchyma were much reduced, 0.8 and 112 μl/s/g, respectively. The K in in cerebellum was significantly lower than that in hippocampus. The mRNAs encoding Cu transporter-1 (Ctr1) and ATP7A were higher in the CP than those in brain capillaries and parenchyma, whereas ATP7B mRNA was higher in brain capillaries than those in the CP and brain parenchyma. Taken together, these data suggest that the expression of Cu transporters is higher in brain barriers than in brain parenchyma; the Cu transport into the brain is mainly achieved through the BBB as a free Cu ion and the BCB may serve as a main regulatory site of Cu in the CSF. 
Introduction
Copper (Cu), as an essential metal, plays a crucial role in biochemical reactions and in physiological regulations (Linder and Hazegh-Azam, 1996) . Cu is required as a cofactor in various Cu-containing enzymes. As a free metal ion, Cu also participates in angiogenesis, nerve myelination and endorphin action (Turnlund 1998; Gaggelli et al., 2006) . From the toxicological point of view, free Cu ions can interact readily with oxygen to initiate a cascade of biochemical events leading to the production of the highly damaging hydroxyl radical. It is because of its essentiality to the cellular function and its cytotoxic nature in oxidative stress that Cu is strictly regulated in the body (Linder and Hazegh-Azam, 1996; Turnlund, 1998; Li and Zheng, 2005) . Genetic defects in expression of Cu transport-related proteins have been linked to several diseases associated with neurologic disorders. For example, a mutation in Cutransporter ATP7B gene, which is located on the long arm (q) of chromosome 13 (13q14.3), causes the overload of Cu in the body, leading to Wilson's disease with neurologic symptoms including tremors, abnormal postures, dystonia and bradykinesia (Kodama, 1996; Gaggelli et al., 2006) . A genetic disorder in the expression of the Cu-transporter ATP7A in Menkes disease, on the other hand, results in Cu deficiency particularly in liver and brain. Patients display syndromes of seizures, psychomotor deterioration, failure to thrive, hypothermia, accompanied by extensive neurodegeneration in brain gray matter (Dexter et al., 1991) . It has been suggested that a defect in these Cu transporters at blood-brain barrier (BBB) may partly contribute to the altered brain homeostasis of Cu (Li and Zheng, 2005) .
Cumulative evidence has implied that an imbalance of Cu homeostasis in brain may play a role in the pathogenesis of neurodegenerative disorders such as Alzheimer's disease, Parkinson's disease, spongiform encephalopathies, and familial amyotrophic lateral sclerosis (Hartmann and Evenson, 1992; Deibel et al., 1996; Waggoner et al., 1999; Strausak et al., 2001; Rossi et al., 2004; Gaggelli et al., 2006) . More recently, human studies have shown a significant increase in Cu concentrations in blood and saliva among manganeseexposed smelters and welders (Jiang et al., 2007; Wang et al., 2008) . Studies on manganese-exposed non-human primates also reveal a significant increase in brain Cu concentrations (Guilarte et al., 2008) . Noticeably, manganese-caused neurotoxicity exhibits the clinical syndromes highly resembling those of Parkinson's disease (Aschner et al., 2007; Zheng 2005) .
Most of Cu ions absorbed from the small intestine are distributed to liver and kidneys; they are transported in blood by binding to ceruloplasmin. In serum, about 65-90% of Cu tightly binds with ceruloplasmin, and the rest of Cu loosely binds with albumin, transcuprein and amino acids (Linder, 1991) . At the cellular level, the uptake of Cu into the cells is thought to be mediated by two transporter proteins, i.e., Cu transporter 1 (Ctr1) and divalent metal transporter 1 (DMT1). The former has a high affinity selective to Cu and the latter is relatively non-specific and available also to other divalent metals (Tandy et al., 2000) . Inside of cells, ATP7A and ATP7B are Cu transport proteins that participate in Cu efflux (Lutsenko et al., 2002) . While the proteins pertaining to Cu transport within and between body compartments have been identified, the mechanism by which Cu was transported into the brain and the relative role of the BBB and bloodcerebrospinal fluid (CSF) barrier (BCB) in regulating brain homeostasis of Cu remained largely unclear. The primary species of Cu either as bound or free that contributes to brain transport was also unknown. Moreover, little has been learned about Cu transport and distribution in different brain regions.
This study was designed to test the hypothesis that transport of Cu into various brain regions was determined by the Cu species present in blood and the BBB and BCB may play different roles in transporting and regulating Cu homeostasis in the brain. We used a well-described (Preston et al., 1995) and well-established brain perfusion technique in this laboratory (Deane et al., 2004) Cu-ceruloplasmin) into brain capillaries, parenchyma, choroid plexus (CP) and CSF. In addition, we assessed the levels of mRNA expression of several key Cu transporters (i.e., Ctr1, DMT1, ATP7A, and ATP7B) in brain capillaries, parenchyma and CP. The research should help better understand Cu transport by brain barriers under physiological conditions.
Results

Free Cu as the main species responsible for Cu transport into brain
To understand the primary species responsible for Cu transport into the brain, three species of Cu, i.e., unbound 64 Cu, 64 Cu-albumin and 64 Cu-ceruloplasmin, were individually Cu-albumin, and 64 Cu-ceruloplasmin were 78.4 ± 8.61, 1.70 ± 0.45, and 0.08 ± 0.02 mL/g, respectively. Regardless of the Cu species investigated, the uptake of Cu was highest in the CP, followed by, in a descending order, brain capillaries, brain parenchyma, and CSF.
Data in Fig. 1B further revealed that the volume of distribution of free Cu in the CP was about 50 times greater than that of albumin-bound Cu, and about 1000 times greater than that of ceruloplasmin-bound Cu. Interestingly, the similar pattern of Cu uptake among all three tested Cu species was observed in brain capillaries, parenchyma, and CSF (Fig. 1B) . These data suggest that free Cu was the major species entering brain barriers and being transported into brain parenchyma.
2.2.
Accumulation of 64 Cu by brain barrier cells and transport into CSF and capillary-depleted brain parenchyma
Upon knowing the free Cu as a major species in brain transport from the above studies, we used free
64
Cu to study the route by which Cu entered the brain.
Cu uptake by the CP and transport into the CSF were linear up to 120 s (Fig. 2) . The uptake rate constants, K in , estimated from the slopes of the uptake curves indicated the rate of Cu entering the CP was nearly 1300 fold greater than the rate of Cu entering the CSF (Table 1 ). This observation suggested that the CP was capable of sequestering Cu ions from the blood circulation; yet such a remarkable accumulation of Cu in the BCB did not result in a substantial transport of Cu into the CSF. Thus, the CP seemed unlikely to be a primary site for Cu to enter brain extracellular fluid. 64 Cu uptake by cerebral capillaries and transport into capillary-depleted brain parenchyma were also linear within the duration of the perfusing time (Fig. 2) . The K in in brain capillaries was about 3 fold greater than that in capillarydepleted brain tissues (Table 1 ). The rapid uptake of Cu by brain capillaries (320 μl/s/g) and a moderate transport of Cu into brain parenchyma (112 μl/s/g) suggested that free Cu ions were transported by the blood-brain barrier in a rate-limited fashion.
Regional brain 64 Cu uptake
Differences in brain regional Cu uptake may contribute to the toxicity of Cu on particular brain areas or pathways. When free
64
Cu was perfused via internal carotid artery, the uptake of Cu by all brain areas studied was linear within the perfusion time (Fig. 3) . The homogeneity of variance test of the Data represent mean ± SEM, n = 3-5. revealed that there were homogeneities of K in values within the regions of frontal cortex, striatum, hippocampus, midbrain and cerebellum (F = 1.216, p = 0.310). Thus, the one-way ANOVA was performed to examine the differences among brain regions. The ANOVA did not reveal any significant differences in K in values between frontal cortex, striatum, hippocampus, and midbrain (Table 2) . However, the K in value in cerebellum was statistically differently lower than that in hippocampus (p b 0.05).
Expression of mRNAs encoding Cu transporters
Since free Cu ions were apparently the major species in crossing brain barriers, there was a need to understand the relative abundance of potential metal ion transporters in barrier system, which may be responsible for Cu transport. Ctr1, DMT1, ATP7A, and ATP7B are known to be associated with Cu transport. Quantitative real-time R-PCR was used to qualify the mRNA expression levels of these putative Cu transporters in cerebral capillaries, brain parenchyma, and the CP. The expressions of Cu transporter genes were significantly higher in cerebral capillary and CP than those in brain parenchyma (p b 0.05) (Fig. 4 ), except for ATP7B whose level in parenchyma was close to that of the CP. The data suggest that brain barriers express high levels of Cu transporters. Between two brain barriers, Ctr1 and ATP7A expression levels in the CP were about 1.2 and 3.4 fold higher than those in cerebral capillaries, respectively, (p b 0.05); yet ATP7B mRNA level in cerebral capillaries was about 4.0 fold higher than that in the CP (p b 0.05) (Fig. 4) . The mRNA levels of DMT1 in the CP and cerebral capillaries were similar, but about 2.6-fold higher than that in brain parenchyma (p b 0.05).
Discussion
The results of this study clearly indicate that Cu is transported into the brain as a free Cu ion. Among three tested Cu species, i.e., free Cu, ceruloplasmin-bound Cu or albumin-bound Cu, the highest accumulation of Cu in brain barrier tissues (CP and cerebral capillaries) and brain parenchyma is associated with free Cu perfusion. The values of distributing volume in all four tested brain fractions are several magnitudes higher following free Cu perfusion than following perfusion of protein-bound Cu species. This observation supports the view that Cu in the blood circulation is carried by its binding proteins; upon reaching brain barriers, it is the free Cu ions but not proteinbound Cu species that enter brain barriers and subsequently distribute to brain parenchyma and the CSF. Under physiological conditions, most serum Cu ions are bound to ceruloplasmin with a small portion of Cu carried by albumin, transcuprein and other amino acids (Weiss and Linder, 1985; Linder, 1991) . Based on the observations such as abundant ceruloplasmin in serum, a high capacity of ceruloplasmin in binding Cu, and the presence of unique membrane receptors for ceruloplasmin, some earlier reports have suggested that ceruloplasmin may play a critical role in distributing, transporting and metabolizing Cu (Hsieh and Frieden, 1975; Campbell et al., 1981; Stevens et al., 1984) . However, in a study using aceruloplasminemic mice with genetically altered, low expression of ceruloplasmine, Meyer et al. (2001) report that systemic Cu kinetics with regard to gastrointestinal absorption, hepatic uptake, or biliary excretion does not differ significantly between aceruloplasminemic mice and wild type mice. These results lead authors to conclude that ceruloplasmin is not essential for Cu absorption and metabolism (Meyer et al., 2001) . Our data, by using three major Cu species in the blood circulation, demonstrated that the uptake rate of unbound, free Cu ion far exceeded that of ceruloplasmin-bound Cu, a direct experimental evidence that supports a lesser role of ceruloplasmin in Cu transport into brain tissues.
Serum albumin possesses a binding site for Cu. On target tissues such as liver the presence of albumin inhibits Cu uptake by hepatocytes (Darwish et al., 1984; Ettinger et al., 1986) . These data indicate that albumin, in addition to ceruloplasmin, may contribute to Cu transport and metabolism (Marceau and Aspin, 1973; Wirth and Linder, 1985; Gordon et al., 1987) . However, the result from analbuminemic rats does not provide the evidence to support an important role of albumin in Cu distribution and metabolism, as there is essentially no difference in Cu disposition between albuminnull and wild animals (Vargas et al., 1994) . Our data with a much less brain Cu uptake in albumin-bound Cu than free Cu are in a good agreement with the report by Vargas et al. (1994) . Since Cu is loosely bound to albumin (Pietrangelo et al., 1992) , it is not entirely surprised that Cu ions may be released from albumin-bound moiety at brain barriers and these free Cu ions are then transported into the brain.
Considering the route for Cu to enter the brain, the CP among all tested brain fractions exhibited the highest capacity in acquiring Cu from the blood circulation irrespective to what Cu species was used. It is therefore curious that the unidirectional uptake rate of Cu by the CSF, most of which is produced by the CP, is nearly 1200 fold slower than that in the CP, particularly in the face of a high accumulation of this metal in the CP. This may indicate that the CP sequesters Cu and thus tightly regulates the movement of Cu into the CSF. In cerebral capillaries, however, the Cu uptake is much slower (about 3.2 fold less) than in the CP; yet the acquired Cu ions in cerebral capillaries may be more readily transported to the parenchyma than Cu in the CP to the CSF. Since there is no apparent barrier between the CSF and interstitial fluid, the Cu in the CSF may be derived from the Cu in the bulk flow of the interstitial fluid spilled by neurons and glial cells. Taken together, we hypothesize that the greater transport of Cu into the brain parenchyma compared with its slow transport across the CP to the CSF reflects the presence of a concentration gradient for brain Cu under physiological conditions. The BBB appears to be a more important route than the BCB in the transport of Cu into brain parenchyma, where Cu is utilized and subsequently released into the CSF via the interstitial fluid. The BCB may function as a regulatory site to maintain the homeostasis of Cu in brain extracellular fluid.
The differences in the density of perfused capillaries and local blood flow between brain regions are known to affect brain regional differences in chemical distribution (Klein et al., 1986; Zheng, 2001) . Cu distribution in the hippocampus is nearly 1.7 fold higher than that in striatum, although the regional K in values are not statistically significantly different. On the other hand, Cu uptake is significantly lower in cerebellum than in hippocampus. Whether these regional differences in Cu uptake reflect the diversities in capillary density, blood flow, and/or the abundance of Cu transporter expression in these brain regions deserves further exploration.
Several transporters have been suggested to transport Cu across the cell membrane, including Ctr1, DMT1, ATP1A and ATP7B (Li and Zheng, 2005) . In Ctr1-knockout mice, brain Cu content is decreased by approximately 50%, substantiating the need of Ctr1 for copper transport at cellular level (Iwase et al., 1996; Nishihara et al., 1998; Kuo et al., 2001; Lee et al., 2001 ). ATP7A has been linked to Cu efflux from most of tissues (Mercer and Llanos, 2003) . By using APT7A inhibitor, Qian and colleagues (Qian et al., 1998) demonstrate that Cu efflux can be blocked. The ATP7B gene is mainly expressed in the liver, where it is responsible for biliary excretion of Cu. Lack of ATP7B expression in Wilson's disease results in overload of hepatic Cu and a consequential increase of brain Cu concentration (Buiakova et al., 1999; Faa et al., 2001 (Burdo et al., 2001; Wang et al., 2006) . The current data show that all these putative Cu transporters are expressed more profoundly in brain barrier fractions (cerebral capillaries and CP) than brain parenchyma, suggesting the possible involvement of these transporters in brain Cu uptake. The observation of high expression of ATP7A in BCB as opposed to a high expression of ATP7B in BBB is interesting; yet their functional relevance to Cu homeostasis in the brain is unknown. In addition, the question as to what are the relative roles of these transporters in regulating Cu transport by two brain barriers remains unanswered. An indepth study on these questions is well warranted. In summary, the current study demonstrates that free Cu ions are the main species for Cu transport into the brain. The BBB appears to serve as the main entrance for Cu to get access to brain parenchyma whereas the BCB is likely involved in the regulation of Cu homeostasis in the CSF. Both BBB and BCB express metal transporters associated with Cu transport and the levels of their gene expression are higher in brain barrier cells than in brain parenchyma.
4.
Experimental procedures 
Animals
All rats (Sprague-Dawley, male) were purchased from Harlan Inc. (Indianapolis, IN). They were housed in a temperaturecontrolled, 12:12 light/dark room and were allowed free access to tap water and food. All rats used in this study were 8-9 weeks old (240-280 g) at the time of experimentation. The experimental protocol was approved by the Purdue Animal Care and Use Committee (PACUC).
Experimental design
Study 1 (n = 4 for each group) was performed to evaluate the main species of Cu that was transported into the brain. In situ brain perfusion was performed at single time point (120 s) with 3 Cu species (free 64 Cu,
64
Cu-albumin or 64 Cu-ceruloplasmin).
Our preliminary study showed that perfusion longer than 5 min may cause damage to capillary cells. To ensure a reliable result, we limited the perfusion time to 120 s. Study 2 (n = 5 in each time point) was performed to determine the unidirectional uptake rates (K in ) of Cu in brain capillaries and parenchyma, CP, CSF and regional brain (frontal cortex, striatum, hippocampus, midbrain and cerebellum) with free, unbound 
4.4.
Preparation of 64 Cu-albumin and 64 Cu-ceruloplasmin
Cu-albumin complex was prepared by incubating 64 CuCl 2 with 1 mg/mL of rat albumin for 1 h at room temperature (Mas and Sarkar, 1992) . Excess free Cu was removed by ultrafiltration using a membrane with molecular weight cut off of 50,000-Da (Micropore, Bedford, MA).
64
Cu-ceruloplasmin complex was made as described by Lee et al. (1993) . Briefly, a donor rat was injected intravenously via tail vein with 4 mCi of 64 Cu as the 1:1 Cunitriloacetate complex (Cu-NTA). The rat was sacrificed 24 h later and plasma collected. Chelex® 100 resin (1 mg/mL) was added into the plasma sample; the mixture was placed on a horizontal shaker with continuous shaking for 1 h, followed by centrifugation to remove any loosely bound 64 Cu (Campbell et al., 1981) .
4.5.
In situ brain perfusion procedure
The method described by Takasato et al. (1984) and Smith (1996) with modification was used in this study. Briefly, the rat was anesthetized with sodium pentobarbital (50 mg/ kg, i.p.) and the right common carotid artery was exposed. Following ligation of the external carotid, pterygopalatine and common carotid arteries, the internal carotid was cannulated with a polyethylene catheter (PE-10). Cu-ceruloplasmin in pre-gassed Ringer solution, was delivered to cannulated internal carotid artery via a second syringe pump (Harvard Compact Infusion Pump, Model 975) at a flow rate of 1.0 mL/min. Thus, the total flow rate of perfusion was 10 mL/ min. To prevent re-circulation of the rat blood, the left ventricle of the heart was cut before the start of perfusion. This technique was validated for CNS transport studies (Takasato et al., 1984; Smith, 1996; Zlokovic et al., 1986; Deane and Bradbury, 1990) , and well established and used in this laboratory (Deane et al., 2004) .
At the end of each perfusion (30, 60, 90, and 120 s), the Harvard syringe pump was switched off and the brain vascular system was washed for 30 s with the Ringer solution to remove Cu adsorbed to the luminal surface and the luminal content (Deane and Bradbury, 1990) .
Immediately after perfusion, a sample of CSF was collected from the cisterna magna, using a 25-gauge butterfly needle (Becton Dickinson, Franklin Lakes, NJ). The brain was harvested and washed with ice-cold saline, and then placed on an ice-cold filter paper, saturated with cold saline on the surface of a beaker filled with ice. Following removal of meninges and surface blood vessels, the ipsilateral CP was collected from the lateral ventricle. In Study 1, the ipsilaterally perfused cerebrum was used for capillary separation and subsequent assays. In Study 2, the perfused brain tissue was further dissected to collect the frontal cortex (FC), striatum (ST), hippocampus (HP), midbrain (MB) and cerebellum (CE).
Capillary separation
The capillary separation was carried out as previously described (Preston et al., 1995; Triguero et al., 1990; Zlokovic, 1995; Deane et al., 2004) . Briefly, the cold brain was weighed and homogenized in 3 volumes of cold solution of buffer with 7-8 strokes in a 7 mL tissue grind pestle (Kontes, Vineland, NJ). The buffer solution contains (mmol/L) HEPES, 10; NaCl, 141; KCl, 4; MgSO 4 , 1; NaH 2 PO 4 , 1; CaCl 2 , 2.5; and glucose, 10 at pH 7.4. Dextran 70 was added to a final concentration of 15% (w/v) and the solution homogenized with 3 additional strokes. The homogenate was then spun at 5,400 × g for 15 min at 4°C. The supernatant (capillary-depleted fraction) and pellet (capillary-enriched fraction) were separated carefully and counted for radioactivity. Light microscopic examination confirmed that the pellet consisted mainly of networks of brain vessels, while the supernatant was essentially free of vasculature. 
Calculations
4.8.
Quantitative real-time RT-PCR Total RNAs were isolated from brain capillaries, parenchyma and CP by acid guanidium-phenol-chloroform method using TRIzol® Reagent (Gibco-BRL, Gaithersburg, MD) and purified with RNeasy® Mini kit (Qiagen GmbH, Hilden, Germany). cDNA was synthesized in a reaction volume of 100 μL containing 1 μg of total RNA, 2.5 μM of oligo dT primer, 1 mM dNTP mixtures, 0.4 U of RNase inhibitor, 1.25 U of MuLV reverse transcriptase, 5 mM MgCl 2 and 1× PCR buffer according to the manufacturer's instruction (Applied Biosystems, Foster City, CA). Real-time RT-PCR using the Mx3000p (Stratagene, Cedar Creek, TX) was used to quantify mRNA levels. The primers for selected genes listed in Table 3 were designed using Primer Express software (Applied Biosystems, Foster City, CA). Each PCR reaction contained 5 μL of cDNA, 12.5 μL of 2 × Absolute™ QPCR SYBR Green® mix (ABgene, Epsom, UK), and 200-400 nM of the forward and reverse primers. Each reaction was run in duplicate to obtain an average value. A total of 7 rats were used in this study. After an initial denaturation at 95°C for 15 min, the amplification program consist of 40 cycles of denaturation at 95°C for 30 s and annealing for at 60°C for 1 min and extension at 72°C for 30 s The relative differences in mRNA expression among brain capillaries and parenchyma, and CP were expressed using cycle time (Ct) values as follows: the relative differences between the brain parenchyma and the other two tissues were calculated and expressed as a relative increase, setting the brain parenchyma at 100%.
Statistics
All data were expressed as a mean ± SEM. Prior to the analysis of variance (ANOVA), a homogeneity of variance test was conducted to determine the homogeneity of tested values. The differences between groups were then compared by one-way ANOVA, followed by a post hoc multiple comparison with Dunnett test using the SPSS 12.0 statistics package for Windows. The differences between two means were considered significant if the p value was equal or less than 0.05.
